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Summary
Background: Most motor systems can generate a vari-
ety of behaviors, including categorically different beha-
viors and variants of a single motor act within the same
behavioral category. Previous work indicated that many
pattern-generating interneuronal networks may have a
modular organization and that distinct categories of be-
haviors can be generated through flexible combina-
tions of a small number of modules or building blocks.
However, it is unclear whether and how a small number
of modules could possibly generate a large number of
variants of one behavior.
Results: We show that the modular feeding motor net-
work of Aplysia mediates variations in protraction dura-
tion in biting-like programs. Two descending commands
are active during biting behavior and trigger biting-like
responses in a semiintact preparation. In the isolated
CNS, when activated alone, the two commands pro-
duce biting-like programs of either long or short pro-
traction duration by acting specifically on two modules
that have opposite effects on protraction duration. More
importantly, when coactivated at different frequencies,
the two commands produce biting programs with an
intermediate protraction duration.
Conclusions: It was previously hypothesized that be-
havioral variants may be produced by combining dif-
ferent activity levels of multiple descending commands.
Our data provide direct evidence for such a scheme
and show how it is implemented in a modularly orga-
nized network. Thus, within a modular and hierarchical
architecture, in addition to generating different cate-
gories of behavior, a small number of modules also effi-
ciently implements variants of a single behavior.
Introduction
One of the most salient features of neuronal networks
is that they are multifunctional, i.e., they are able to
generate multiple outputs [1–5]. The neuronal basis of
multifunctionality has long intrigued many neurobiolo-
gists who have differing theories of how it is achieved.
The differences between these views may reflect the
fact that there are classes of networks with different
architectures. One view that has gained a significant
following holds that (1) operation of a neural network
depends upon interactions among multiple nonlinear
processes that operate at the cellular, synaptic, and
network levels; and (2) modulation of these underlying
processes can alter network operations, thereby pro-*Correspondence: jian.jing@mssm.eduducing multiple outputs [1]. Such networks are often
thought to be highly interconnected and distributed,
making it difficult to assign specific functions to indivi-
dual network elements [2, 6–11]. Consistent with such
perceived difficulties, this conceptualization often does
not address the underlying neural organization of a par-
ticular network and consequently it can be applied to
all types of networks. Another view of the basis of multi-
functionality, a view for which there is a growing experi-
mental support, holds that networks may have a modu-
lar organization [12–18]. This view, in parallel to the one
described above, holds that (1) network elements are
organized as modules, where each module is defined
as a set of functionally related neurons that implement
specific identifiable features of the output; and (2) mul-
tiple outputs may be produced through flexible combi-
nations of modules.
Motor networks may be the most prominent exam-
ples of multifunctional networks. In fact, one of the
most remarkable features of our motor system is the
ease with which it produces a variety of behaviors
using the same neural and peripheral structures. More
interestingly, these behaviors are in some cases cate-
gorically different behaviors (e.g., running, walking,
swimming) and in other cases variants of a single motor
act within the same behavioral category (e.g., walking
with different speed or stride length). Recent work sug-
gests that different categories of behavior in some mo-
tor networks may be implemented by a modular and
hierarchical control architecture. Although in vertebrate
spinal system the existence of modules is largely in-
ferred from experimental and computational studies
[17, 19–22], in the Aplysia feeding network, we were
able to identify specific pattern-generating interneu-
rons, which form a small number of modules, and medi-
ate specific features of the motor output [18, 23, 24].
Different types of feeding-related behaviors appear to
be generated through flexible combinations of these
modules. This type of organization reduces the compu-
tational complexity by reducing the number of degrees
of freedom that are utilized to generate behavior.
Because the number of categorically distinct beha-
viors is often limited, a modular organization that relies
on a small number of modules may be an effective means
of generating categorically distinct behaviors. In con-
trast, the generation of multiple variants of the same
behavior might require that a computationally prohibi-
tive large number of modules be used. Significantly, if
this were the case, the computational advantages of a
modular organization would vanish and networks would
be best conceptualized as nonmodular. Thus, it is criti-
cal to determine whether parametric features of a sin-
gle behavior can be controlled by a small number of
modules. In the present paper, we utilize the Aplysia
feeding circuit to address this issue.
Specifically, we determined how the Aplysia feeding
network produces biting motor programs that differ in
protraction duration. We found that four pattern-gener-
ating interneurons appear to be organized as two mod-
ules that promote either long or short protraction dura-
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active during biting, capitalize on the modular organiza-
tion of the feeding network to produce either long or
short protraction. More importantly, the combinatorial
actions of these two commands are used in a frequency-
dependent manner to produce biting programs of inter-
mediate protraction duration, thereby eliminating the
need for a large number of modules. We conclude that
a small number of modules, in conjunction with the
combinatorial actions of higher-order neurons, is an ef-
fective means for controlling a specific parameter of
the same behavior.
Results
Activity of Two Descending Commands
during Actual Feeding Behavior
Similar to motor networks that control a variety of beha-
viors in higher animals, the Aplysia feeding motor network
consists of two layers of interneurons: higher-order de-
scending commands (cerebral buccal interneurons, CBIs)
and lower-order buccal interneurons. The descending
commands receive sensory inputs and send their ax-
ons to the buccal ganglion to directly and indirectly in-
nervate the interneurons and motor neurons that gener-
ate the motor programs underlying specific behaviors.
In the present paper, we focus on Aplysia biting-like
motor programs that are initiated when an animal’s
mouth makes contact with food and enables the feed-
ing apparatus, the radula, to grasp food.
Previous work showed that stimulation of two de-
scending command neurons, CBI-2 and CBI-12, could
initiate fictive motor programs in the isolated CNS [23,
25–27]. However, in an isolated CNS, it is difficult to
determine what feeding movements these motor pro-
grams may correspond to. To determine whether stimu-
lation of these CBIs produces actual biting movements
and whether these CBIs are active during biting re-
sponses that are elicited by food, we used a semiintact
preparation (modified from [28]) in which feeding beha-
viors can be elicited by touching a piece of seaweed to
the lips of the animal. In this preparation, intracellular
recordings from the CBIs can be obtained and feeding
movements can be monitored through visual observa-
tion combined with changes in the buccal mass pres-
sure [28].
Food-elicited feeding sequences in the semiintact
preparation resembled those occurring in intact ani-
mals, i.e., they began with biting that was followed by
a series of swallowing movements [29, 30]. We recorded
24 episodes of such biting-swallowing sequences in
eight preparations. CBI-2 and CBI-12 were vigorously
active during biting behavior but became largely quies-
cent during the swallowing phase (Figure 1A). In Figure
1A, the first response was a bite as the animal did not
grasp food. The second response was successful and
this response became a bite-swallow, a transitional re-
sponse between a bite and a swallow. Because we
used a strip of food, once the animal moved this food
into the buccal cavity, food acted as a stimulus for a
series of subsequent swallows. The firing frequency of
CBI-2 and CBI-12 during each bite was on average:
10.7 ± 0.7 Hz for CBI-12 (range 6.3–17.2 Hz, n = 23) andFigure 1. Activity of CBI-2 and CBI-12 during Feeding Behavior in
a Semiintact Preparation
(A) CBI-2 and CBI-12 were both active during biting. Feeding move-
ments were monitored through visual observation and recordings
of buccal mass “pressure.” When food (seaweed) contacted the
mouth, both CBI-2 and CBI-12 became active, and remained so
during a biting response. Both cells became less active during a
subsequent bite-swallow response, which was initiated after the
radula successfully grasped the food. During the series of swallow-
ing responses that followed, both cells were inactive. After swal-
lowing, seaweed emerged from the cut end of the esophagus, thus
verifying that responses were indeed a bite-swallowing sequence.
(B and C) Stimulation of CBI-2 (B) or CBI-12 (C) with DC current
injection (horizontal lines) elicited five cycles of biting-like re-
sponses. (B) and (C) were from the same preparation, whereas (A)
was from a different preparation.10.6 ± 1.0 Hz for CBI-2 (range 4.7–19.2 Hz, n = 15). In
three preparations (six episodes) where CBI-2 and CBI-
12 were recorded simultaneously, they were coactive
during biting (Figure 1A). In four preparations, when
either CBI-2 or CBI-12 was activated through intracellu-
lar current injection, rhythmic feeding movements re-
sembling biting behavior were observed (Figures 1B
and 1C). Thus, CBI-2 and CBI-12 are active during bit-
ing but not during swallowing and can trigger biting be-
havior.
Comparison of Biting-like Motor Programs
Elicited by CBI-2 and CBI-12
Although both CBI-2 and CBI-12 are active during food-
induced biting and themselves can trigger biting re-
sponses, previous studies showed that these neurons
were not physiologically identical [25, 26]. This raised
the possibility that biting motor programs elicited by
these CBIs may have different parametric features. We
characterized fictive motor programs in isolated CNS
preparations in which motor outputs resembled the
motor outputs recorded in intact animals during biting
[31, 32]. In an isolated CNS, parametric features of the
motor programs can be monitored by activity in iden-
tified interneurons and motor neurons as well as nerve
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parameters of interests can be measured accurately
(Figure 2). Specifically, protraction is monitored by
activity in the I2 nerve (open bar) and retraction is moni-
tored by the hyperpolarization that protraction inter-
neurons receive after the protraction (filled bar). Pre-
viously established criteria [27, 32], i.e., high-frequency
firing of B8 during retraction and low-frequency firing
during protraction, were used to classify CBI-2- and
CBI-12-elicited programs as biting-like motor programs.
Consistent with our observations that CBI-2 and CBI-
12 fire during biting and that stimulation of these two
CBIs triggers biting behavior, we found (Figure 2A) that
in the isolated CNS, biting-like motor programs repre-
sented the majority of programs elicited by stimulation
of CBI-2 (66%, n = 112) and CBI-12 (72%, n = 259). Be-
cause the aim of this study was to investigate parame-
ter regulation in a single category of behavior, all of the
results reported below are limited to biting-like pro-
grams.
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dFigure 2. CBI-12- versus CBI-2-Elicited Biting-like Programs Differ
in the Length of Protraction Duration
(A) Examples of biting-like motor programs elicited through stimu-
lation of CBI-12 (left) and CBI-2 (right) with DC current injections
(horizontal lines) in a single preparation. In both motor programs,
B8 was mostly active during retraction (filled bar). The protraction
duration (open bar) was shorter in CBI-12-elicited programs than
CBI-2-elicited programs. Note that the B63 interneuron was ro-
bustly active in motor programs elicited by both CBIs.
(B) Group data showing that protraction duration is significantly
shorter in CBI-12-elicited biting programs (n = 189 from 53 prepara-
tions) than in CBI-2-elicited biting programs (n = 74 from 29 prepa-
rations). ****p < 0.0001, unpaired t test. In these experiments, stimu-
lation frequencies of CBI-12 and CBI-2 ranged from 8 to 20 Hz and
were not precisely controlled.
(C) Protraction duration is sensitive to the stimulation frequency of
CBI-12 but is insensitive to the stimulation frequency of CBI-2. Left,
the protraction duration was significantly decreased when the CBI-
12 frequency was increased from 12 to 15 Hz. Right, the same
increase in the stimulation frequency of CBI-2 did not cause a sig-
nificant shortening of protraction duration. **p < 0.01, paired t test
(n = 9). Error bars: SEM.
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aAlthough stimulation of either CBI-2 or CBI-12 trig-
ered the same class of program, i.e., biting-like, CBI-2-
nd CBI-12-elicited programs displayed a remarkable
ifference in protraction phase duration. Specifically,
he duration of protraction in CBI-2-triggered programs
ended to be much longer than that in CBI-12-triggered
rograms. Figure 2A shows examples of two cycles of
otor programs elicited by either CBI-12 (left) or CBI-2
right) in a single preparation. Group data comparing
he protraction duration of 189 CBI-12-elicited motor
rograms (obtained in 53 preparations) with that of 74
BI-2-elicited motor programs (out of 29 preparations)
ndicate that the protraction duration of CBI-12-elicited
rograms (8.2 ± 0.48 s) was significantly shorter (Figure
B) than that of CBI-2-elicited programs (20.7 ± 0.98 s).
n contrast, there was little difference in the retraction
uration of CBI-12- (5.9 ± 0.17 s) and CBI-2- (6.6 ± 0.24 s)
licited programs.
To examine the duration of protraction and retraction
n a more controlled manner, we elicited single-cycle
otor programs (see Figure 3) by stimulating CBI-12 or
BI-2 with short current pulses, each of which elicited
single action potential. Two stimulation frequencies
ere used, 12 Hz and 15 Hz. This stimulation paradigm
evealed that protraction durations of CBI-2- and CBI-
2-elicited programs differed profoundly in their sensi-
ivity to the frequency of stimulation. When the fre-
uency of CBI-12 stimulation was increased from 12 to
5 Hz (n = 9), the duration of protraction was shortened
y w65% (Figure 2C), but in the case of CBI-2 (n = 6),
he same increase of the stimulation frequency had no
ignificant effect on protraction duration. The dif-
erential effect of stimulation frequency was specific in
hat there was no significant shortening of retraction
uration when the stimulation frequency of either CBI-2
r CBI-12 was increased.
ontrol of Protraction Duration through
ombinatorial Actions of CBI-2 and CBI-12
he above data indicate that when CBI-2 and CBI-12
re stimulated alone, they produce programs of dif-
erent protraction duration. Yet, the fact that both CBIs
re active during biting prompted us to determine
hether the system operates in a winner-take-all man-
er so that the more active CBI solely determines pro-
raction duration, or alternatively, whether the duration
f protraction is determined by activity of both cells.
To examine the two alternatives, we designed the fol-
owing experiment. Based on the fact that CBI-12 at 15
z consistently elicits programs with a short protrac-
ion (Figure 2C), we fixed CBI-12 frequency at 15 Hz
nd coactivated CBI-2 at either 10 Hz or 15 Hz. One
uch experiment is illustrated in Figures 3A–3E. When
BI-12 was stimulated alone at 15 Hz (Figure 3A), pro-
raction duration was short. When CBI-2 was stim-
lated alone at either 10 or 15 Hz (Figures 3B and 3C),
rotraction duration was longer. When both CBIs were
timulated and the CBI-12 frequency (15 Hz) was higher
han CBI-2 (10 Hz) (Figure 3D), the protraction duration
as similar to that with CBI-12 alone (short). In con-
rast, when the CBI-2 frequency (15 Hz) was increased
o match the CBI-12 frequency (Figure 3E), protraction
uration was intermediate between that of CBI-12 or
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and CBI-2 on Protraction Duration
(A) Stimulation of CBI-12 at 15 Hz induced a motor program with a
short protraction duration (open bar).
(B and C) Stimulation of CBI-2 at either 10 Hz (B) or 15 Hz (C)
induced a motor program with a long protraction duration.
(D) Costimulation of CBI-12 (15 Hz) and CBI-2 (10 Hz) induced a
motor program with a short protraction duration that was compara-
ble to that in (A).
(E) Costimulation of CBI-12 (15 Hz) and CBI-2 (15 Hz) induced a
motor program with an intermediate protraction duration between
that in (A) and that in (C). Note that stimulation of CBI-2 and CBI-
12 was stopped when protraction (as monitored by activity in I2)
ended.
Bar graph at top right: group data showing the average protraction
duration of motor programs induced using the stimulation para-
digm shown in (A)–(E). Differences between individual groups are
statistically significant, p < 0.001; except between (A) and (D), and
between (B) and (C), p > 0.05, Bonferroni posttest (n = 5). All the
data were normalized within each preparation to the mean protrac-
tion duration recorded when CBI-2 was stimulated at 10 Hz. Error
bars: SEM.CBI-2 stimulation alone. Group data (Figure 3, top right
bar graph) indicated that the protraction duration in-
duced under these five stimulation conditions varied
significantly (repeated-measures ANOVA, F(4,16) = 72.55,
p < 0.0001 [n = 5]). Thus, these data suggest that a
combinatorial mechanism is used to transform the fir-
ing frequency of CBI-2 and CBI-12 into various protrac-
tion durations. Importantly, the parameter space of pro-
traction durations that is covered by this combinatorial
action is larger than the parameter space that can be
generated by stimulation of CBI-2 or CBI-12 alone.
Synaptic Basis of Differential Activation
of Interneurons by CBI-2 and CBI-12
Having determined that CBI-12 and CBI-2 separately
promote short or long protraction in a motor program,
in the following series of experiments we sought to in-
vestigate the underlying mechanisms, i.e., how CBI-12
and CBI-2 may act on the pattern-generating circuit
(Figure 4) to produce their different effects. To facilitate
reading of the remainder of this manuscript, we provide
a diagram of the circuit that generates biting motor pro-
grams. Most of the synaptic connections have been de-
scribed previously (see Figure 4 legend), with the ex-Figure 4. Circuit Diagram of the Pattern-Generating Interneurons
that Generate Biting Motor Programs
Protraction interneuron B63 and retraction interneuron B64 medi-
ate the alternating protraction-retraction sequence by mutually in-
hibiting each other and by providing excitation to protraction moto-
neurons (PM) or retraction motoneurons (RM), respectively [33, 53].
Protraction is initiated by excitatory inputs to B63. In turn, B63 elic-
its a slow, possibly polysynaptic, EPSP in B64. Once B64 fires, it
inhibits B63, thus completing a switch from protraction to retrac-
tion. Two interneuron pairs (B34/B40, B65/B30) receive direct or
indirect chemical/electrical excitation from B63 and inhibition from
B64, thus making them active during protraction. Importantly, the
diagram shows the synaptic inputs that the retraction interneuron
B64 receives from these four interneurons. These connections may
play an important role in mediating protraction duration. Specific-
ally, B34/B40 prolongs protraction duration by inhibiting B64 [34],
and B30 shortens protraction by providing a fast inhibition and
slow excitation to B64 [18]. B65 may play a similar role as B30 by
providing a direct fast excitation to B64 [35] and by an indirect
excitation to B64 through B30. To illustrate functional groupings of
the two interneuron pairs that control protraction duration, B34 and
B40 are colored red, whereas B65 and B30 are colored blue (see
Figure 8). Finally, both B40 and B30 elicit fast inhibition and slow
excitation in closure motoneurons (CM, B8) [18, 24] so that B8 fires
predominantly during retraction rather than during protraction, a
feature that is an important characteristic of biting programs. Open
triangle, excitation; closed circle, inhibition; s, slow synaptic con-
nections; resistor symbol, electrical coupling.ception of the excitatory connection from B65 to B30,
which is shown in Figure S1A in the Supplemental Data
available with this article online.
To examine which interneuron may be involved in
controlling protraction duration, we first sought to iden-
tify interneurons that are active during protraction and
exhibit differential activity level in CBI-2- and CBI-12-
elicited motor programs. Two pairs of protraction inter-
neurons, B34 and B40 [24, 33, 34] and B65 and B30
[18, 35, 36], were activated differently during CBI-2- and
CBI-12-elicited motor programs. We found that while
B34 and B40 were vigorously active during CBI-2-elic-
ited programs (cf. [24]; mean frequency of B34, 17.4 Hz
[n = 8], and that of B40, 8.6 Hz [n = 17]), they were less
active during CBI-12-elicited programs (mean fre-
quency of B34, 6.5 Hz [n = 15], and that of B40, 2.4 Hz
[n = 43]). On the other hand, B65 and B30, alternatively,
were weakly or not at all active during CBI-2-elicited
programs (mean frequency of B65, 1.1 Hz [n = 20], and
that of B30, 1.4 Hz [n = 54]), but were moderately active
during CBI-12-elicited programs (mean frequency of
Current Biology
1716B65, 5.8 Hz [n = 14], B30, 5.0 Hz [n = 11]). Two-tailed
unpaired t tests showed that B34, B40, B65, and B30
activity in CBI-2- versus CBI-12-elicited programs were
all significantly different (Figure 5A).
We examined the synaptic connections from CBI-12
p
s
t
s
w
BFigure 5. Synaptic Basis of Differential Activation of Pattern-Gener-
ating Interneurons by CBI-2 and CBI-12
(A) Mean firing frequencies of B34, B40, B65, and B30 in CBI-12-
versus CBI-2-elicited programs. In CBI-12-elicited programs, all
four interneurons were moderately active. In CBI-2-elicited pro-
grams, the B34/B40 ensemble was strongly active while the B65/
B30 ensemble was largely inactive. **p < 0.01; ****p < 0.0001, un-
paired t test. In these programs, CBI-2 and CBI-12 were stimulated
at 8–20 Hz.
(B) Comparison of synaptic connections between CBI-12 (left)/CBI-2
(right) and B34 (normal saline), B40 (normal saline), B65 (high diva-
lent saline), B30 (2:1 ASW). Consistent with their overall activity
levels during CBI-12- versus CBI-2-elicited programs, B34 and B40
received weaker fast EPSPs from CBI-12 than CBI-2. In contrast,
B65 received strong fast IPSPs from CBI-2, but weak IPSPs from
CBI-12, allowing B65 to be activated more by excitation from pro-
traction interneuron B63. In addition, B30 received fast EPSPs from
CBI-12, but fast IPSPs from CBI-2. Both CBI-2 and CBI-12 also
elicited a slow depolarizing EPSP in B30. Note that the slow excita-
tion from CBI-2 to B30 may give rise to a delayed excitation, but
this excitation is not sufficient to trigger action potentials in B30
(e.g., Figure 7C). For comparison, the left and right recordings in
each panel were derived from single preparations. In addition, both
CBIs were stimulated at 10 Hz for 2 s and the postsynaptic cells
were held at the same membrane potentials. Membrane potentials
of postsynaptic neurons (in mV): B34, −67; B40, −53; B65, −60;
B30, −40.
(C) Group data showing differences in the synaptic strength, de-
fined as the largest unitary PSP elicited during the 2 s presynaptic
stimulation of CBI-2 and CBI-12 (B34 [n = 4], B40 [n = 5], B65 [n =
5], B30 [n = 4]). CBI-2 and CBI-12 were stimulated at 10 Hz. 10 Hz
was selected to prevent fusion of unitary PSPs, which would make it
difficult to measure the amplitude of unitary PSPs. *p < 0.05; **p <
0.01, paired t test. Error bars: SEM.
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(and CBI-2 to these interneurons to determine if thetrength and nature of synaptic input that B34 and B40
nd that B65 and B30 receive contributes to the dif-
erential level of activity of these two interneuron pairs.
he lower four panels in Figure 5B are examples of syn-
ptic connections from CBI-12 or CBI-2 to each of the
our cells. Note that three of the eight synaptic connec-
ions have been previously reported (CBI-2 and CBI-12
o B34 [37, 38]; CBI-2 to B40 [24]). Here, we were pri-
arily concerned with the relative synaptic strength of
onnections between CBI-12 and CBI-2 and the four
nterneurons. To ensure that differences in the size of
ynaptic potentials recorded in response to CBI-2 and
BI-12 stimulation were due to stimulation of these
ells rather than to differences between individual post-
ynaptic neurons, we recorded from the same follower
euron at the same membrane potential while stimulat-
ng the two CBIs. Such paired recordings are shown in
ach of the lower four panels of Figure 5B. We found
hat fast synaptic connections followed one-for-one
resynaptic spikes with a constant latency and per-
isted in high-divalent saline or 2:1 ASW, suggesting
hat they were all monosynaptic. These data indicate
hat compared to CBI-12, CBI-2 elicited larger fast
PSPs in both B34 and B40. This is consistent with the
igher firing frequency of B34 and B40 in CBI-2-elicited
rograms. Conversely, while CBI-2 strongly and mono-
ynaptically inhibited B65, CBI-12 weakly inhibited
65. In fact, because of their small size, the IPSPs from
BI-12 to B65 were generally too small to be visible
n normal saline and became more apparent in a high-
ivalent saline in which the background synaptic noise
as reduced. Because B63 is active in both CBI-2- and
BI-12-elicited programs (Figure 2A) and it excites B65
see Figure 4 and [35]), the weaker inhibition of B65 by
BI-12 allows B65 to be more active when programs
re triggered by CBI-12. In addition, while CBI-2 inhib-
ted B30, CBI-12 monosynaptically excited B30. These
ata are also consistent with weaker activity of B65 and
30 in CBI-2- than in CBI-12-elicited programs. Group
ata are shown in Figure 5C.
ifferential Contribution of Interneurons
o Regulation of Protraction Duration
he differential activity level of interneurons B34 and
40 and B65 and B30 in CBI-12- versus CBI-2-elicited
rograms suggested to us that these neurons may po-
entially play a role in determining protraction duration.
n fact, in earlier experiments in which interneurons
ere bilaterally hyperpolarized, we showed that strong
ctivity of B34 and B40 contributed significantly to the
ong protraction duration of CBI-2-elicited programs
24, 34]. Therefore, here we sought to determine if the
elatively lower frequency of B34 and B40 activity in
BI-12-elicited programs contributed to the shorter
rotraction. Figure 6 shows examples of such experi-
ents, where CBI-12 triggered moderate activity in B34
Figure 6A) or no activity in B40 (Figure 6C) and the
rotraction duration of the program was relatively
hort; but when B34 or B40 were activated strongly
hrough intracellular current injection during CBI-12
timulation, the protraction duration of the program
as extended (group data, repeated-measures ANOVA,
34 [Figure 6B]: F = 79.41, p < 0.0001 [n = 5]; B40(2,8)
[Figure 6D]: F(2,6) = 32.6, p < 0.001 [n = 4]).
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1717Figure 6. The B34/B40 Interneurons Promote a Long Protraction Duration during CBI-12-Elicited Programs
(A and C) Left, control motor programs elicited by CBI-12 in which protraction duration (open bar) was relatively short. Right, motor program
elicited by CBI-12 while B34 or B40 neurons were activated through short current pulses (10 Hz), each of which triggered a single action
potential (A) or through DC current injection (C) (horizontal lines). c-B40, contralateral B40. Motor programs were biting-like because B8 was
active mostly during retraction (filled bar).
(B and D) Group data showing that when the firing of B34 ([B], n = 5) or B40 ([D], n = 4) was increased through current injection, the protraction
duration was significantly increased compared with controls. **p < 0.01; ***p < 0.001, Bonferroni posttest. Before, control episode before
manipulation of interneuronal activity; after, control episode after manipulation of interneuronal activity. Error bars: SEM.The potential role of B65 and B30 in mediating the
protraction duration of either CBI-2- or CBI-12-elicited
programs was not examined previously. Since CBI-2
actively inhibits B65 and B30 and these cells were
mostly inactive during CBI-2-elicited programs, we rea-
soned that if activated artificially, B65 and B30 might
shorten CBI-2-elicited programs. The examples in Fig-
ures 7A and 7C show that this was indeed the case
(group data, repeated-measures ANOVA, B65 [Figure
7B]: F(2,8) = 17.85, p < 0.01 [n = 5]; B30 [Figure 7D]:
F(2,10) = 57.23, p < 0.0001 [n = 6]). Conversely, we rea-
soned that the moderate activity of B65 and B30 in CBI-
12-elicited programs might contribute to the short pro-
traction. Figures 7E and 7G show two experiments that
demonstrated that when either B65 or B30 was active
in CBI-12-elicited programs, the programs had a rela-
tively short protraction, but that when either B65 or B30
was hyperpolarized to prevent them from firing, pro-Figure 7. The B65/B30 Interneurons Promote a Short Protraction Duration during CBI-2- and CBI-12-Elicited Biting Programs
(A–D) Effects of B65 and B30 activation on CBI-2-elicited biting programs.
(A and C) Left, control motor programs elicited by CBI-2 in which protraction duration (open bar) was relatively long. Right, a motor program
elicited by CBI-2 while B65 or B30 neurons were activated through short current pulses (15 Hz) (A) or DC current injection (C) (horizontal lines).
Motor programs were biting-like because the radula nerve (RN) or B8 was active mostly during retraction (filled bar). c-B30, contralateral B30.
(B and D) Group data showing that when B65 ([B], n = 5) or B30 ([D], n = 6) neurons were activated, the protraction duration was significantly
shorter than controls.
(E–H) Effects of B65 and B30 hyperpolarization on CBI-12-elicited biting programs.
(E and G) Left, control motor programs elicited by CBI-12 in which protraction duration was relatively short. Right, motor program elicited by
CBI-12 while B65 or B30 neurons were hyperpolarized through DC current injection (horizontal lines). Motor programs were biting-like because
B8 was active mostly during retraction. c-B65, contralateral B65.
(F and H) Group data showing that when B65 ([F], n = 4) or B30 ([H], n = 4) neurons were hyperpolarized, the protraction duration was
which is manifested in the network’s ability to generatesignificantly longer than in controls. *p < 0.05; **p < 0.01; ***p < 0.001, B
interneuronal activity; after, control episode after manipulation of interneutraction duration was indeed extended (group data, re-
peated-measures ANOVA, B65 [Figure 7F]: F(2,6) = 15.3,
p < 0.01 [n = 4]; B30 [Figure 7H]: F(2,6) = 8.2, p < 0.05
[n = 4]).
Thus, the higher-order interneuron CBI-2 promotes a
long protraction duration by strongly exciting interneu-
rons that extend protraction, i.e., B34 and B40, and by
actively inhibiting interneurons that shorten protraction,
i.e., B65 and B30. In contrast, CBI-12 uses two strate-
gies to promote a short protraction duration, i.e., it re-
cruits less activity in B34 and B40 and induces a mod-
erate activity in B65 and B30.
Discussion
A fundamental property of the Aplysia feeding network,
like that of most other motor systems, is its flexibility,onferroni posttest. Before, control episode before manipulation of
ronal activity. Error bars: SEM.
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1718both categorically distinct behaviors as well as variants
of the same behavior. Here, we examined the contribu-
tions that higher-order neurons and pattern-generating
interneurons make to the generation of variants of a
single motor act, specifically, variations in the protrac-
tion duration of biting programs. Notably, variations in
protraction duration, similar to changes in the duration
of specific phases of other behaviors, contribute to
changes in the speed and frequency of behaviors. Be-
cause of their fundamental importance, these parame-
ters are specifically regulated by both vertebrate and
invertebrate motor networks (e.g., [39, 40, 41]).
The key finding to understanding the generation of
variations of protraction duration is that two descend-
ing commands, CBI-2 and CBI-12, produce biting pro-
grams that specifically differ in protraction duration. We
showed that both CBI-2 and CBI-12 are involved in bit-
ing behavior as both neurons are activated during bit-
ing and stimulation of either cell initiates biting. How-
ever, CBI-2-elicited biting programs were characterized
by a long protraction duration, while those elicited by
CBI-12 were characterized by a short protraction dura-
tion. More significantly, we found that we could pro-
duce variants of programs with intermediate protrac-
tion duration by coactivating both CBIs (Figure 8).
Although it has been hypothesized that combinatorial
actions of descending commands from the vertebrate
mesencephalic locomotor region [39, 42] may contrib-
ute to the generation of variable speed locomotion [41]
and that combinatorial actions of lamprey heterogeneous
reticulospinal command neurons may produce different
swimming directions [43], these hypotheses have not yet
been directly verified. Here we demonstrate that such
a combinatorial scheme indeed operates in Aplysia.
Furthermore, we delineate how such a scheme may be
implemented in a network that appears to be modular.
Evidence for a Modular Organization
in Motor Networks
In order to describe in modular terms how behavioral
variants of biting are implemented, we first elaborate
the evidence for a modular organization in the Aplysia
feeding network. Because the concept of modularity is
still evolving, we begin by presenting an overview of the
modular concept in biological systems, then provide a
more explicit definition of modules in motor systems,
and finally we discuss relevant experimental evidence.
In general, the concept of modules refers to an inter-
mediate level of organization that lies between a sys-
tem and its components. It is particularly useful in bio-
logical systems where a module has been defined as a
small fraction of the components of the system that
accomplishes a relatively autonomous function that is
distinct from the functions fulfilled by other modules
[44]. Because modules introduce the concept of func-
tion and they may be used as building blocks for under-
standing the integrative functions of the whole system,
modules represent an important level of analysis. Im-
portantly, in cell biology, it has been noted that modules
can be insulated from each other or interconnected
[44]. Relative insulation assures the functional auton-
omy of modules. Connectivity allows one function to
influence another and thus integrates the functions of
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hat Highlights the Differential Actions of Two Descending Com-
ands on Pattern-Generating Interneurons to Mediate Variants in
rotraction Durations in Biting Motor Programs
n this modular network, the mutually inhibitory interneurons B63
nd B64 are used in all motor programs to mediate the alternating
rotraction (P) − retraction (R) sequence (cf. Figure 4). The first
hase of the program, i.e., protraction, is initiated when B63 is acti-
ated by CBI-2 [38] and/or CBI-12 (see Figure S1B). Moreover, CBI-2
nd CBI-12 act specifically on two modules that encode either long
B34/B40 module, red) or short (B65/B30 module, blue) protraction
uration to generate programs of long or short protraction dura-
ion. Furthermore, different combinations of CBI-2 and CBI-12 ac-
ivity can generate programs of intermediate duration. B40 and B30
lso promote closure (C, B8) activity during retraction (green), a
undamental feature of biting programs (see Figure 4 for synaptic
nputs that B8 receives from B40 and B30). The thickness of the
rrows above the motor outputs illustrates the relative firing fre-
uency of CBI-2 and CBI-12 in generating variations in protraction
uration. Cell names or enclosures are colored to indicate the
arameter(s) the cells influence. Synaptic connections within the
odular network are mostly omitted for clarity (see Figure 4). Open
riangle, excitation; closed circle, inhibition. The different sizes of
riangles and circles are used to indicate relative synaptic strength.
ray rectangles to the left or right of the interneurons are used to
ndicate relative activity level of these interneurons in CBI-2- versus
BI-12-elicited biting programs, respectively.system. In addition, functional modules need not be
igid, fixed structures; a given component may belong
o different modules at different times. The function of
module can also be quantitatively regulated or switched
etween qualitatively different functions [44].
In motor networks, particularly those comprised mostly
f interneurons, like the Aplysia feeding network [18,
3, 24] and spinal networks [17, 19, 20, 41], the concept
f modules is useful in achieving an understanding of
ow the interneuronal circuit is organized. In theory, for
nonmodular interneuronal network to produce a mo-
or pattern, interneurons that control the activity of mo-
oneurons would form a highly interconnected network
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1719and functions are distributed among these elements. In
contrast, within a modular network, interneurons would
be organized as modules, each module performing a
specific function related to specific features of a motor
pattern [14, 18] or units of motor output [15].
What is the evidence that supports a modular organi-
zation of the Aplysia feeding network? Our previous
work dealing primarily with the generation of distinct
types of behaviors [18, 23, 24] revealed a modular orga-
nization of pattern-generating interneurons. Specific-
ally, pattern-generating interneurons were found to
have defined functions that implement specific features
of motor patterns and thus function as modules. In fact,
we are able to identifiy two broad types of modules:
behavior-specific and behavior-independent modules
([18], see also [22]). Thus, the Aplysia pattern-generat-
ing network is built from two behavior-independent
modules, B63 and B64, that mediate protraction and
retraction, respectively, and are used in all motor pro-
grams regardless of the type (Figure 8). In contrast, be-
havior-specific modules serve to bias behaviors toward
specific behavioral categories by promoting behaviors
that have specific features (e.g., radula closure phasing
relative to protraction-retraction) and participate in a
small subset of programs.
The present study shows that a modular organization
can also be discerned in the features of the network
that generates different variants of the same behavior.
First, the same behavior-independent modules (B63/
B64) are utilized in a similar way to produce protraction-
retraction sequence. In contrast, because of their abil-
ity to encode specific parameters, behavior-specific
modules are prime targets for tuning by descending
commands, which utilize them to produce programs
with specific features. Indeed, two of the four interneu-
rons that affect protraction duration were previously
classified as behavior-specific modules (B40 and B30).
Here, through hyperpolarization/depolarization experi-
ments, we established that these four interneurons
form two modules: a module that prolongs protraction
duration (B34/B40) and a module that shortens protrac-
tion duration (B65/B30) (Figure 8). In the context of gen-
eration of behavioral variants, such a modular organiza-
tion enables two descending commands to produce
biting-like programs with different protraction dura-
tions. The two commands do so by exerting differential
actions on these two modules. Importantly, both B30
and B40 interneurons also ensure that radula closure
occurs during retraction, a fundamental characteristic
of biting motor programs (Figure 4). Thus, to produce
biting programs with a long protraction duration, CBI-2
strongly recruits the B34/B40 module but inhibits the
B65/B30 module. In contrast, to produce a short pro-
traction duration, CBI-12 exerts two actions. It recruits
the B34/B40 module but does so to a substantially
lesser degree than CBI-2. Consequently, the B34/B40
module exerts a relatively weak prolonging action on
protraction duration. On the other hand, CBI-12 recruits
moderate activity of the B65/B30 module.
When considered in more detail, our findings suggest
two principal advances in current notions of modular
organization in motor networks. First, in order to achieve
fine control over specific parameters of programs, the
network utilizes a diverse population of interneuronsthat differs in their degree of functional specialization.
B34 is a prime example of a more specialized interneu-
ron as B34 primary action is to control protraction dura-
tion. This is in contrast to B40, which controls both the
phasing of radula closure and protraction duration.
Second, modular compositions are not static, i.e.,
members of a module are subject to dynamic reorgani-
zation by descending commands. This is exemplified
by the recruitment of B65 and B30 by CBI-12. Pre-
viously, both B65 and B30 were shown to be strongly
active in other types of programs, which also have rela-
tively short protraction, and were considered to be
members of modules for generating these programs
(B65 for egestion [36], B30 for swallowing [18]). Here,
both neurons are recruited by CBI-12, but they fire at
moderate rates to promote a short protraction in biting.
Thus, when active at different levels, the same interneu-
rons may actually be used in different behavioral con-
texts by descending commands. Dynamic reorganiza-
tion of neurons into different modules in different
behavioral contexts represents an efficient utilization of
network resources. More importantly, during the reor-
ganization, the functions of these specific neurons often
remain unchanged: e.g., B30 serves to shorten protrac-
tion in both swallowing and CBI-12-elicited biting. What
changes in different behaviors is in what combinations
and to what degrees these neurons are activated by
higher-order neurons.
It is important to note that not all neural networks are
modular. There are networks that could be best con-
ceptualized as nonmodular [2, 10, 11]. It is also pos-
sible that networks may vary in the degree to which
they are modular and that even within a single network
only some functions may be supported by modules.
Nonetheless, the modular concept provides a con-
structive framework for defining the fundamental archi-
tecture of a neural circuit in terms of the functions that
are fulfilled by its components.
Conclusions
In summary, using identifiable interneurons in a small
network, the present study supports the modular hier-
archical organization [5, 13, 14, 18, 45–48] as a unifying
principle for motor control [49–51] and highlights the
fundamentally different roles played by elements at dif-
ferent hierarchical levels. In particular, although both
control modules and higher-order descending interneu-
rons may influence the same parameter(s), the effects
of modules are direct, through their actions on moto-
neurons and other interneurons in local circuits (Figure
4, see also [18, 24, 34]). In this role, modules serve to
transform the population activity of multiple descend-
ing commands into a specific coordinated motor act.
In contrast, descending commands represent a higher
level of abstraction in that they define the overall goals
of tasks, and their effects on a parameter are mostly
indirect, in part mediated through fine tuning of the ac-
tivity of modules. Thus, two descending interneurons
act specifically on two modules to produce two ex-
treme values of a parameter. More importantly, the indi-
rect actions enable the two descending interneurons to
act in a combinatorial manner to generate intermediate
variants of the parameter they regulate, and thus to
Current Biology
1720cover a large parameter space. Based on computa-
tional analyses of muscles synergies, it appears that
vertebrate spinal networks may utilize weighted combi-
nations of modules to generate various behaviors [19,
21], and it has been hypothesized that the process of
module selection may be implemented in part by de-
scending commands [15]. Consistent with this view, we
directly demonstrate that descending interneurons de-
ploy various combinations of modules in a graded, as
well as an all-or-none, manner. Most notably, such com-
binations of a small number of modules can be used to
generate variants of the same behavior.
Experimental Procedures
Animals
Specimens of Aplysia californica were obtained from Marinus Sci-
entific (Garden Grove, CA) and from the National Resource for
Aplysia at the University of Miami. They were maintained in circulat-
ing artificial seawater (ASW), made from Instant Ocean (Aquarium
Systems, Mentor, OH) at 14°C–15°C.
Semiintact Preparations
We used a semiintact preparation in which activity of the CBIs can
be recorded during feeding [28]. Animals were anaesthetized by
injections (25% of body weight) of isotonic MgCl2. An incision was
made from the dorsal side. The gut was separated from the rest
of the animal at the level of the esophagous. The head, including
tentacles, rhinophores, and buccal mass, together with the CNS
(cerebral ganglion, buccal ganglion, and pleural-pedal ganglion),
were cut from the rest of the animal at the level of the rhinophores
(dorsally) and slightly caudal to the beginning of the foot (ventrally).
The head structure remained innervated by the Upper Labial Nerve
and the Anterior Tentacular Nerve, and the buccal mass remained
innervated by all buccal nerves. The preparation was set in a two-
chamber sylgard-lined dish. The head was situated in the larger
chamber, while the CNS was pinned at the smaller chamber with
higher sylgard floor. The sheath over the M cluster, which is where
the CBIs are located, was removed.
The buccal artery was cannulated to allow continuous perfusion
of the head and buccal mass with cooled fresh ASW (in mM: 460
NaCl, 10 KCl, 55 MgCl2, 11 CaCl2, and 10 HEPES buffer [pH 7.6])
at w2 ml/min using a bubble separator in the perfusion line. The
buccal mass pressure was monitored with a pressure transducer
that was placed in the bubble separator. Buccal mass pressure has
been shown to correspond well to feeding movements [28]. The
preparation was maintained at 14°C–16°C. All chemicals were pur-
chased from Sigma (St. Louis, MO).
Feeding behavior was elicited by touching the mouth with cut
pieces of dried seaweed held by a forceps. Pieces of seaweed
were approximately 3.5 × 24 mm. A typical feeding sequence con-
sisted of initial biting responses and late swallowing responses that
were initiated if the seaweed was successfully grasped. Comple-
tion of swallowing was verified by the visual observation of the
seaweed moving out of the cut end of the esophagus.
Isolated CNS Preparations
The cerebral ganglion and buccal ganglion were pinned in a sylgard
dish that had a volume of w1.5 ml. Both ganglia were desheathed
to expose the cells of interests. The preparation was continuously
perfused with ASW at 0.3 ml/min and maintained at 14°C–17°C.
Feeding motor programs were triggered by stimulation of CBI-12
or CBI-2. Protraction was monitored by activity in the I2 nerve and
protraction interneurons, e.g., B63, B34. Retraction was monitored
by hyperpolarization in protraction interneurons after termination
of I2 nerve activity. The types of feeding motor programs were
monitored by activity in B8 or the radula nerve (RN), which contains
axons of B8. In biting-like motor programs, B8 is mostly active dur-
ing retraction. For analytic experiments, we induced reproducible
single-cycle motor program by stimulating CBIs throughout pro-
traction (as monitored by activity in I2) and terminating the stimuli
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1hen the onset of retraction was observed. The intertrial interval
as 1 min. Because of the reproducibility of the programs, such a
timulation paradigm is now commonly used [18].
Assays of monosynaptic connections were conducted in high-
ivalent saline (in mM: 312 NaCl, 10 KCl, 132 MgCl2, 33 CaCl2, and
0 HEPES [pH 7.6]) or 2:1 ASW (in mM: 368 NaCl, 10 KCl, 101
gCl2, 13.8 CaCl2, and 10 HEPES [pH 7.6]) solutions that elevate
pike thresholds and thus curtails polysynaptic activation [52].
eurons were identified based on location, size, electrophysiologi-
al, and morphological characteristics [18, 23, 25, 33–35].
ata Analysis
lectrophysiological recordings were digitized and analyzed using
xoscope/Clampfit software (Axon Instruments, Union City, CA)
nd plotted using Coreldraw (Ottawa, Ontario, Canada) and Axum
Mathsoft, Cambridge, MA). Data are expressed as mean ± SEM.
ifferences between two data groups were tested with two-tailed
aired or unpaired t test. Data with more than two groups were first
nalyzed with one-way repeated-measures ANOVA to show overall
ignificant difference among these groups. Individual comparisons
etween groups were subsequently made with Bonferroni correc-
ions. All statistical tests were performed using GraphPad Prism
.0 (San Diego, CA).
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